Plain Language Summary {#S0001}
======================

Decreased neutrophil chemotaxis and phagocytosis were observed in patients with sepsis but this was improved by high concentrations of ascorbate.Patients with sepsis showed an increase in neutrophil apoptosis which did not change after ascorbate treatment.Patients with sepsis underwent high rates of spontaneous NETosis, that was decreased by 1mM of ascorbate treatment.

Introduction {#S0002}
============

Neutrophils are the most abundant type of white blood cell in human circulation and their main function is to protect against invading pathogens by a variety of mechanisms such as chemotaxis, phagocytosis, apoptosis and neutrophil extracellular trap (NET) formation.[@CIT0001],[@CIT0002] There are several factors that maintain the effectiveness of neutrophil function, one of which is ascorbate or vitamin C.[@CIT0003],[@CIT0004] Ascorbate, a water-soluble vitamin, is essential for human homeostasis, metabolism and function of the immune system and is stored inside cytoplasm of neutrophils via vitamin C transporters.[@CIT0005]--[@CIT0007] Although it has been reported that ascorbate promotes neutrophil chemotaxis and phagocytosis,[@CIT0008]--[@CIT0010] its effects on NET formation and apoptosis are not well studied.[@CIT0004],[@CIT0011],[@CIT0012] In addition, it is unknown if ascorbate deficiencies or ascorbate supplementation can contribute to neutrophil function in inflammatory conditions or during infections such as sepsis, where neutrophil function may be compromised.

Although neutrophils are normally highly effective in eliminating invading pathogens, sometimes the invasion of pathogenic organisms overcomes this defence system, leading to systemic infection and sepsis.[@CIT0001],[@CIT0002],[@CIT0013],[@CIT0014] Sepsis is a life-threatening condition when the immune system, particularly neutrophils, vigorously battle against systemic infection. However, it has been reported that defective neutrophil function is observed in patients during sepsis, particularly elderly people with underlying illnesses and patients who are immune-compromised (eg, those with diabetes, heart diseases or malignancies).[@CIT0015]

As ascorbate is an essential factor for neutrophil function, this study determined whether ascorbate treatment ex vivo enhanced neutrophil function in patients with sepsis. Neutrophil chemotaxis, phagocytosis, apoptosis and NET formation, including peptidyl arginine deiminase 4 or *PADI4* gene expression (essential for the process of NET formation), were investigated in vitro. Here, we make the novel observation that short term (2h) ascorbate treatment can enhance several neutrophil functions that were impaired in sepsis patients. These novel observations raise the possibility that ascorbate treatment might be a useful adjunct therapy for sepsis patients.

Patients and Methods {#S0003}
====================

The following reagents were used in this study: Polymorphprep (Axis-Shield, Norway); RPMI 1640 media with 25mM HEPES, L-Glutamine (Hyclone, USA); fetal bovine serum (Gibco, USA); sodium L-ascorbate (Sigma, USA); rabbit anti-neutrophil elastase and mouse anti-myeloperoxidase and Alexa Fluor 488 conjugated goat anti-rabbit IgG and Alexa Fluor 647 conjugated anti-mouse IgG (Abcam, UK); 4ʹ,6-Diamidino-2-phenylindole dihydrochloride (Merck, USA); micrococcal nuclease from *S. aureus* (Sigma, USA); QuantiFluor one dsDNA (picogreen), (Promega, USA); Trizol^TM^ Reagent (Ambion, USA); iScript^TM^ RT supermix; SsoAdvanced^TM^ Universal SYBR Green Supermix (BIO-RAD, USA); *PADI4* PCR primers (forward: 5ʹ-CGAAGACCCCCAAGGACT-3ʹ, reverse: 5ʹ-AGGACAGTTTGCCCCGTG-3ʹ) and *ITGB2* PCR primers (forward: 5ʹ-GCTGTCCCCACAAAAAGTG-3ʹ, reverse: 5ʹ-CCGGAAGGTCACGTTGAA-3ʹ) and β-actin PCR primers (forward: 5ʹ-TTCCTG GGCATGGAGTC-3ʹ, reverse: 5ʹ-CAGGTCTTTGCGGATGTC-3ʹ) (Integrated DNA Technology, Singapore); fMLP and Millipore Hanging Cell Culture plate inserts (MERCK, USA); Trypan blue (Sigma, USA); Annexin V-APC and propidium iodide (Biolegend, USA); pHrodo^TM^ Red *S. aureus* Bioparticles Phagocytosis Kits (Invitrogen, USA).

Patient and Healthy Controls {#S0003-S2001}
----------------------------

Twenty patients diagnosed with sepsis using Sepsis-3 criteria,[@CIT0016]--[@CIT0018] who attended the Emergency Department, Intensive Care Unit or Intermediate Intensive Care Unit, Inpatient Department, and 20 healthy aged-match controls were randomly recruited from the King Chulalongkorn Memorial Hospital, Thailand. [Table 1](#T0001){ref-type="table"} presents the demographics, underlying illnesses and identified organisms in hemoculture specimens in the patients. The levels of ascorbate (vitamin C) in plasma from patients with sepsis and healthy controls were measured using High Performance Liquid Chromatography (HPLC, Chromosystem, Germany) and shown in [Table 1](#T0001){ref-type="table"}. Other detailed information of patients diagnosed with sepsis including blood chemistry, blood coagulation status, platelet count, source of infection and Sequential Sepsis-Related Organ Failure Assessment (SOFA) score is presented in [[Supplementary Table 1](http://www.dovepress.com/get_supplementary_file.php?f=252433.pdf)]{.ul}. This study was approved by Chulalongkorn University Human Research Ethic Committee (IRB 113/60) with validity date from 18 May 2018 until 17 May 2019. Written informed consent and/or assent forms were obtained from all donors.Table 1Demographic DataCharacteristicsHealthy (N=20)Sepsis (N=20)p-valueGender, n (%) Male11 (55)11 (55)1.0 Female9 (45)9 (45)1.0Mean age, years ± SD61 ± 14.160 ± 12.21.0Time of diagnosis: days afterhospitalization; Median (IQ range)N/A11 (6--28)N/AWBC count (x10^3^cells/µL ± SD)6.7 ± 2.316.5 ± 9.6\<0.001 Absolute neutrophil4.1 ± 2.014.3 ± 9.4\<0.001Underlying illnesses, n (%) Diabetes mellitus6 (30)5 (25)\>0.99 Hypertension6 (30)7 (35)\>0.99 Ischemic heart disease0 (0)2 (10)0.49 Dyslipidemia3 (15)1 (5)0.61 Malignancy0 (0)8 (40)0.003Organisms (identified in blood) *Staphylococcus* spp.N/A1 (5)N/A *Escherichia* spp.N/A2 (10)N/A *Candida* spp.N/A2 (10)N/A Unidentified organismsN/A15 (75)N/APlasma level of ascorbate or vitamin C (mg/L ± SD)7.79 ± 3.861.03 ± 2.07\<0.01[^1]

Isolation of Neutrophils {#S0003-S2002}
------------------------

The blood samples were collected within 72h after the patients had been diagnosed with sepsis. Neutrophil isolation and culture method were described in our previous studies.[@CIT0019],[@CIT0020] In brief, neutrophils were isolated from heparinised peripheral blood of patients with sepsis and healthy donors using Polymorphprep, according to the manufacturer's instructions. Red blood cell contamination was removed by hypotonic lysis buffer. Neutrophils were re-suspended in RPMI 1640 media and the purity was assessed by staining with Wright stain and was \>95%. Re-suspended neutrophils were incubated at 37°C in a 5% CO~2~ incubator, with or without 10% (v/v) fetal bovine serum, as indicated in the text.

Neutrophil Chemotaxis Assay {#S0003-S2003}
---------------------------

The chemotaxis assay was performed using 24-well tissue culture plates. Isolated neutrophils were treated with or without different concentrations of ascorbate for 2h in a 5% CO~2~ incubator. Chemoattractant (fMLP) was added into the wells, and the hanging inserts with a 3 µm pore-size filter were suspended in the culture media. Neutrophils at 10^6^ cells/mL were added into the hanging inserts and incubated for 90 min at 37°C in a 5% CO~2~ incubator. The hanging inserts were then removed and migrated neutrophils in each well were counted using the Countess^TM^ II automated cell counter (Thermo Fisher Scientific). Trypan blue staining was performed for detection of viable cells.

Neutrophil Phagocytosis {#S0003-S2004}
-----------------------

Phagocytic activity was measured using pHrodo^TM^ Red *S. aureus* Bioparticles Phagocytosis Kits.[@CIT0021] Isolated neutrophils were treated with or without different concentrations of ascorbate for 2h at 37°C in a 5% CO~2~ incubator. The cells were incubated with Bioparticles for 30min in the incubator. The cells were washed and resuspended with PBS. Neutrophil phagocytosis was analysed on a flow cytometer (FACsAria II, BD Biosciences, USA) measuring 20,000 events per sample.

Neutrophil Apoptosis {#S0003-S2005}
--------------------

After 2h incubation in the presence or absence of different concentrations of ascorbate, neutrophils at 2.5x10[@CIT0004] cells were stained with Annexin V-APC (10μL/mL) for 15min before they were stained with propidium iodide (1μg/mL) as described previously.[@CIT0022] Stained cells were then analysed on a flow cytometer (FACsAria II, BD Biosciences, USA) analysing 20,000 events per sample.

Neutrophil Extracellular Trap (NET) Assay {#S0003-S2006}
-----------------------------------------

Sterile round glass cover slips were placed into each well of a 24-well cell culture plate. Neutrophils (5x10^5^ cells) were added to each well and incubated for 1h at 37°C in a 5% CO~2~ incubator. Different concentrations of ascorbate (1, 5, 10, 20 and 40 mM) or 600nM phorbol myristate acetate (PMA) were added into the wells and incubated for 2h. The culture media was gently aspirated and the cover slips were washed with PBS. The cells and NETs were fixed with 1% formaldehyde. The glass cover slips were removed and incubated with 0.05% Tween in 1xPBS at room temperature for 1min to permeabilize the cells. The cells were blocked for 30min with 1xTBS with 2% bovine serum albumin.

NET formation was detected using immunofluorescence. Primary antibodies (rabbit anti-Neutrophil Elastase and mouse anti-Myeloperoxidase) were added (at 1:100 dilution) and incubated for 30min at room temperature. After washing in 1xTBS, secondary antibodies (anti-rabbit IgG and anti-mouse IgG) were added (at 1:400 dilution) and incubated for further 30min. The cover slips were washed and then stained with DAPI (1µg/mL) before NET identification using a fluorescence microscope.[@CIT0023] The number of NETing cell was counted per 100 cells.

Quantification of NET Formation (QuantiFlour^®^dsDNA) {#S0003-S2007}
-----------------------------------------------------

Neutrophils were incubated exactly as described in 2.3 (in the absence and presence of ascorbate at the indicated concentrations) and incubated for 2h. After this incubation period, 0.1 M CaCl~2~ was added, followed by 500 mU of micrococcal nuclease for 10min to digest the NET structure and fragment the DNA. EDTA (0.5 M) was added to inhibit the reaction and supernatants containing DNA were collected. Quantifluor (PicoGreen) was added to the supernatants, according to the manufacturer's instructions and incubated at room temperature for 5min in the dark. The amount of DNA in the mixture was measured at 485 nm excitation (535 nm emission) on a PROMEGA Quantus^TM^ Fluorometer.[@CIT0023]

*PADI4* mRNA Expression {#S0003-S2008}
-----------------------

Total RNA from isolated neutrophils was extracted using Trizol^TM^ Reagent followed by a DNase digestion step, according to the manufacturer's instruction.[@CIT0019] The extracted RNA was converted to cDNA using iScript^TM^ RT supermix. *PADI4* gene expression was detected by quantitative PCR using SsoAdvanced^TM^ Universal SYBR Green Supermix (BIO-RAD),[@CIT0024] using a 7500 ABI Real-Time PCR System.

Statistical Analysis {#S0003-S2009}
--------------------

Statistical analyses were performed by using GraphPad version 7, Student's *t*-test and one-way ANOVA test. Data are expressed as mean ± SEM, and differences with a p-value of \<0.05 were considered statistically significant.

Results {#S0004}
=======

Neutrophil Chemotaxis, Phagocytosis and Apoptosis in Patients with Sepsis {#S0004-S2001}
-------------------------------------------------------------------------

Neutrophils isolated from patients with sepsis showed significantly decreased cell migration (13.6 ± 8.5%, n=10, p\<0.01) in a response towards the chemoattractant fMLP (100 nM), compared to healthy control neutrophils (31.3 ± 10.7%, n=10) ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). Phagocytic activity of neutrophils isolated from patients with sepsis was significantly decreased (15.4 ± 2.6%, n=5, p\<0.01), compared with healthy controls (34.4 ± 15.3%, n=5) ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}). Increased neutrophil apoptosis was observed in patients with sepsis (15.6 ± 2.3%, n=5, p\<0.005) compared to healthy controls (7.3 ± 1.5%, n=5) when measured 2h post-isolation ([Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"}).Figure 1Representative images of neutrophils from cell migration stained with trypan blue and counted by automated cell counter (**A**), and the percentages of neutrophil chemotaxis of healthy donors (n=10) and patients with sepsis (n=10) (**B**). Representative flow cytometry results (**C**), and the percentages of phagocytic activity of healthy donors (n=5) and patients with sepsis (n=5) (**D**). Representative flow cytometry results (**E**), and the percentages of neutrophil apoptosis of healthy donors (n=5) and patients with sepsis (n=5) (**F**).**Notes:** \*\*p\<0.01, \*\*\*p\<0.005.

Spontaneous NET Formation in Patients with Sepsis {#S0004-S2002}
-------------------------------------------------

Neutrophils isolated from patients with sepsis showed significantly increased capacity for spontaneous NET formation after 2h post-isolation (21.7 ± 18.7 cells/100 cells undergoing NETosis, n=20, p\<0.001) compared to healthy control neutrophils which showed only barely detectable levels of NETosis (1.2 ± 0.9 cells/100 cells, n=20) ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). Immuno-fluorescence staining confirmed the presence of both elastase and myeloperoxidase on these DNA structures, confirming the formation of genuine NETs ([Figure 2A](#F0002){ref-type="fig"}). Induced NET formation by PMA as a positive control is shown in [[Supplementary Figure 1](http://www.dovepress.com/get_supplementary_file.php?f=252433.pdf)]{.ul}.Figure 2Representative fluorescence images (400X) of isolated neutrophils from healthy controls (n=20) and patients with sepsis (n=20), stained with DAPI (blue), elastase (green) and myeloperoxidase (red), and merged images for NET identification after 2h post-isolation ex vivo (**A**). Spontaneous NET formation after 2h post-isolation (**B**), the levels of dsDNA (**C**) and *PADI4* mRNA expression (**D**) from healthy controls and patients with sepsis (n=10 for both groups).**Notes:** \*p\<0.05, \*\*p\<0.01, \*\*\*\*p\<0.001.

NETs contain double-stranded DNA (dsDNA),[@CIT0025],[@CIT0026] and so we quantified the amount of released dsDNA from sepsis patients and healthy donors. The results showed that the levels of dsDNA were significantly increased in patients with sepsis (0.94 ± 0.24 ng/mL, n=10, p\<0.01) compared to healthy control neutrophils (0.63 ± 0.14 ng/mL, n=10) ([Figure 2C](#F0002){ref-type="fig"}). To confirm these observations, we measured mRNA expression of *PADI4* gene as PAD4 enzyme is required for the process of NET formation.[@CIT0012],[@CIT0027] The results showed that *PADI4* mRNA expression was significantly increased in patients with sepsis (7.6 ± 3.3, n=10, p\<0.05), compared to healthy control neutrophils (3.9 ± 2.2, n=10) ([Figure 2D](#F0002){ref-type="fig"}).

Neutrophil Chemotaxis, Phagocytosis and Apoptosis After Ascorbate Treatment in Patients with Sepsis {#S0004-S2003}
---------------------------------------------------------------------------------------------------

After 2h treatment with different concentrations of ascorbate, the percentages of cell migration when neutrophils were treated with high concentrations (10, 20 and 40 mM) of ascorbate were significantly increased in both sepsis patients (51.9 ± 10.8%, 67.7 ± 15.6% and 59.5 ± 9.9%, respectively) and healthy neutrophils (65.0 ± 6.7%, 77.5 ± 8.1%, and 75.1 ± 9.7%, respectively), compared to sepsis and healthy neutrophils (29.9 ± 11.0% and 51.5 ± 11.4%, respectively, n=5 for both groups, p\<0.001) ([Figure 3A](#F0003){ref-type="fig"}). Of note, the increased rates of neutrophil chemotaxis in sepsis patients and healthy controls were comparable at each concentration of ascorbate (p\>0.05), except only at 1 and 40 mM (p\<0.01).Figure 3The percentages of neutrophil chemotaxis or cell migration (**A**), phagocytosis (**B**) and apoptosis (**C**) from healthy donors and patients with sepsis (n=5 for both groups) and the effect of ascorbate (1, 5, 10, 20 and 40 mM) on neutrophils after 2h treatment.**Notes:** \*\*\*\*p\<0.0001, \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05. ^\#\#^p\<0.01, ^\#\#\#^p\<0.005, ^\#\#\#\#^p\<0.001; when compared between groups.

Ascorbate treatment increased neutrophil phagocytosis in sepsis patients but this increase was significantly enhanced at a concentration of 40 mM (46.1 ± 19.8%, n=5, p\<0.01) when compared with untreated neutrophils (15.4 ± 2.6%, n=5) ([Figure 3B](#F0003){ref-type="fig"}). However, we did not observe an increase in phagocytosis from healthy control neutrophils after ascorbate treatment (n=5, p\>0.05). In addition, no significant differences in neutrophil phagocytosis were found between sepsis patients and healthy controls at each concentration of ascorbate treatment (p\>0.05).

The percentages of neutrophil apoptosis in sepsis patients and healthy controls were unaffected by 2h treatment with ascorbate at all concentrations tested (n=5 for both groups, p\>0.05) ([Figure 3C](#F0003){ref-type="fig"}). These percentages of neutrophil apoptosis were still significantly increased in patients with sepsis compared with healthy controls at every concentrations of ascorbate treatment (p\<0.01).

NET Formation After Ascorbate Treatment in Patients with Sepsis {#S0004-S2004}
---------------------------------------------------------------

After 2h treatment with different concentrations of ascorbate, the level of NET formation from neutrophils incubated with 1 mM ascorbate was significantly lower (4.4 ± 3.1 cells/100 cells, n=10, p\<0.05) in patients with sepsis, compared to untreated sepsis neutrophils (21.7 ± 18.7 cells/100 cells, n=10) ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). However, the levels of dsDNA and *PADI4* mRNA expression from sepsis neutrophils treated with 1mM were decreased but these decreases did not reach statistical significances (p\>0.05) ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). Furthermore, the levels of NET formation, dsDNA and *PADI4* mRNA expression between sepsis patients and healthy controls were comparable when their neutrophils were treated with 1 mM of ascorbate ([Figure 4B](#F0004){ref-type="fig"}, [4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}) (p\>0.05).Figure 4Effect of ascorbate on NET formation. Representative fluorescence images (400X) of isolated neutrophils from patients with sepsis and healthy controls treated with 1, 10 and 40 mM of ascorbate for 2h and stained with DAPI staining for NET identification (**A**). NETs counted per 100 neutrophils (n=20 for both groups) (**B**), the levels of dsDNA (**C**) and *PADI4* mRNA expression (**D**) from patients with sepsis and healthy controls (n=10 for both groups) treated with different concentrations of ascorbate (1, 5, 10, 20 and 40 mM) for 2h.**Notes: \*\*\*\***p\<0.0001, **\*\*\***p\<0.001, **\*\***p\<0.01. ^\#\#^p\<0.01, ^\#\#\#\#^p\<0.001; when compared between groups.

In contrast, higher levels of NET formation were observed in sepsis neutrophils after ascorbate treatment (≥5 mM) particularly at the concentrations of 20 and 40 mM (42.3 ± 10.9 and 57.8 ± 17.4 NETs/100 cells, respectively, p\<0.001), compared to untreated sepsis neutrophils (21.7 ± 18.7 NETs/100 cells, n=20 for both groups). This observation was also observed in healthy neutrophils after ascorbate treatment (≥5 mM), compared to untreated healthy neutrophils (p\<0.001) ([Figure 4B](#F0004){ref-type="fig"}). The levels of NET formation expression between sepsis patients and healthy controls were comparable at every concentrations of ascorbate treatment (p\>0.05), except at 40 mM (p\<0.01).

The levels of dsDNA in supernatants were significantly increased in sepsis and healthy control neutrophils at 40 mM of ascorbate treatment (1.9 ± 0.95 and 1.8 ± 0.9 ng/mL, respectively, n=10), compared to untreated neutrophils (0.94 ± 0.24 ng/mL and 0.63 ± 0.14 ng/mL, respectively, n=10, p\<0.01) ([Figure 4C](#F0004){ref-type="fig"}). In addition, increased levels of *PADI4* mRNA expression were also detected in both groups after their neutrophils were treated with 40 mM of ascorbate (1.04 ± 0.95 and 0.72 ± 0.30, respectively, n=10), compared to untreated neutrophils (p\<0.01) ([Figure 4D](#F0004){ref-type="fig"}). No significance differences in the levels of dsDNA and *PADI4* mRNA expression between sepsis patients and healthy controls were found at every concentration of ascorbate treatment (p\>0.05) ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}).

Discussion {#S0005}
==========

Sepsis is a complex clinical syndrome that develops once a local infection becomes uncontrollable and the causative pathogens invade into the bloodstream, leading to systemic inflammation and multi-organ dysfunction.[@CIT0013]--[@CIT0015] Early clinical diagnosis and prompt treatments are crucial to improve outcomes of patients with sepsis, but the overall mortality rate is tremendously high, particularly in immune-compromised hosts and elderly patients with multiple underlying illnesses.[@CIT0028]--[@CIT0030]

In our study, patients were diagnosed with sepsis using the clinical criteria of Sepsis-3. Each patient had both an identified source of infection and an acute change in total SOFA score ≥2 points. However, some patients showed unidentified organisms in their hemocultures and this observation was probably because of slow-growing or intracellular organisms, or antibiotic treatment started before blood sampling.[@CIT0031]--[@CIT0033]

Neutrophils are the major innate immune cell that play a role in the pathogenesis of sepsis, and previous studies have demonstrated that neutrophil function is dysregulated in these patients.[@CIT0015] Moreover, ascorbate, an important factor that maintains neutrophil function, rapidly declines in the plasma of neutrophils during sepsis.[@CIT0007],[@CIT0034]-[@CIT0037] In our study, we also found that the plasma level of ascorbate in patients with sepsis was significantly lower than the levels in healthy controls (\<0.01) as shown in [Table 1](#T0001){ref-type="table"}. Therefore, it may be hypothesised that ascorbate supplementation could restore impaired neutrophil function in these patients.

Our study, therefore, set out to first determine the function of neutrophils isolated from sepsis patients. Neutrophil chemotaxis is the crucial step in the inflammatory response to invading pathogens and phagocytosis is the main killing mechanism of neutrophils. In our study, chemotaxis and phagocytosis were decreased in patients with sepsis which is consistent with previous studies.[@CIT0038]--[@CIT0041] Furthermore, delayed neutrophil apoptosis is the final step in the cycle of neutrophil activation and the resolution of inflammation,[@CIT0042] and neutrophils become apoptotic prior to removal by phagocytic cells once they have finished pathogen clearance. However, the rate of neutrophil apoptosis in vivo in patients with sepsis is still unknown.[@CIT0043],[@CIT0044] Our study demonstrated increased spontaneous neutrophil apoptosis 2h post-isolation of neutrophils from patients with sepsis. Our findings support the idea that neutrophil function is abnormal in patients with sepsis and reduced neutrophil migration may be partially due to increased apoptosis.

Our next experiments measured the capacity of neutrophils from sepsis patients to undergo spontaneous NETosis. This function is an important killing mechanism of neutrophils against invading pathogens, particularly in the event that extracellular pathogens cannot be appropriately phagocytosed. However, inappropriate NET formation may also contribute to inflammation and autoimmunity, for example, by exposure of auto-antigens (eg, granule contents) or neo-antigens that are generated via post-translational modification of nuclear proteins (eg, citrullinated or acetylated histones).[@CIT0045] After neutrophil activation, NETs are formed and released extracellularly in order to trap and inhibit systemic spreading of the organisms using the web-like DNA structure. Subsequently, the proteolytic enzymes (eg, neutrophil elastase) and myeloperoxidase kill the trapped microbes.[@CIT0015] The role of NETosis in sepsis is complex in that NET formation may initially help prevent the spread and dissemination of bacteria from a localized site of infection, thereby limiting systemic infection.[@CIT0046] Nevertheless, excessive NET formation in the later stages of sepsis may play a role in the development of thrombosis and organ failure.[@CIT0047]

In our study, we showed that neutrophils isolated from patients with sepsis developed spontaneous NET formation over a 2h incubation ex vivo. This observation is consistent with a previous study, suggesting that neutrophils were already stimulated by the pathogens infecting the patients during sepsis.[@CIT0048] This finding was confirmed by measurements of an increase in dsDNA levels and upregulation of *PADI4* mRNA expression, a key enzyme involved in the regulation of NETosis,[@CIT0049] in neutrophils isolated from patients with sepsis. However, we observed a very high range of spontaneous NETosis in these sepsis patients, ranging from 2% to 3% of the neutrophils to over 80% of the cells undergoing NETosis. These reasons for this very large variation in NETosis are unknown, and we could not find any association between the extent of NETosis and any clinical parameters, tested such as severity of disease, type of bacterial infection, and duration of sepsis or treatment.

Therefore, the effect of ascorbate on neutrophil functions were investigated in our study. We found that high concentrations of ascorbate treatment (particularly at 40 mM) increased both neutrophil chemotactic and phagocytic activities in these patients. Similar findings have been reported in both sepsis patients and mouse models, which showed increased chemotaxis and phagocytosis after ascorbate supplementation.[@CIT0010],[@CIT0050],[@CIT0051] Moreover, neutrophil chemotaxis and phagocytosis in healthy controls were increased by ascorbate treatment. Thus, the effects of ascorbate on neutrophil function are not restricted to cells isolated from sepsis patients, but rather are more generalized effects on some neutrophil functions. Interestingly, we noticed that these neutrophil functions were comparable between sepsis patients and healthy controls after their neutrophils were treated with ascorbate (≥5 mM), suggesting that neutrophil dysfunction in patients with sepsis were restored and returned to nearly normal function by ascorbate treatment. The potential mechanism of ascorbate on the enhancement of neutrophil chemotaxis and phagocytosis was reported in previous studies which indicated that intracellular microtubule assembly of neutrophil was stabilized by ascorbate treatment, leading to improvement of neutrophil motility and function.[@CIT0050],[@CIT0052]

However, ascorbate treatment did not significantly change the rate of neutrophil apoptosis in our patients and healthy controls. Therefore, this finding suggests that neutrophil apoptosis is still required as the last step of eliminating pathogens in patients with sepsis, and ascorbate is not involved in the apoptotic process of neutrophils. In contrast, a previous study showed that intravenous ascorbate supplementation in patients with sepsis after abdominal surgery temporarily decreased the levels of apoptotic proteins in peripheral blood neutrophils.[@CIT0053] However, the rate of neutrophil apoptosis was not determined in their study.

Having shown that spontaneous NETosis was observed in sepsis patients, we then determined whether ascorbate could alter these levels of NETosis, as serum and plasma levels of ascorbate were shown to be decreased during sepsis in previous studies and our own patients.[@CIT0036] We found that low level of ascorbate (1mM) could significantly decrease levels of spontaneous NETosis of neutrophils from sepsis patients, which was confirmed by decreased levels of *PADI4* mRNA expression in these patients ([Figure 4D](#F0004){ref-type="fig"}). Moreover, we noticed that the levels of NETosis from both sepsis patients and healthy controls were less detectable (\<5 NETs counted in [Figure 4B](#F0004){ref-type="fig"}) and comparable (dsDNA levels in [Figure 4C](#F0004){ref-type="fig"}) after their neutrophils were treated with or without 1mM of ascorbate. Our findings suggest that 1 mM of ascorbate treatment significantly reduces spontaneous NET formation in patients with sepsis and their rates of NETosis return to normal as seen in healthy controls. The potential mechanism of ascorbate on decreased NET formation may be due to the modulation of redox-related cell signaling pathways by ascorbate, which stabilizes and protects the cell membrane from oxidative stress during sepsis leading to a decrease in NET release.[@CIT0050]

Higher concentrations of ascorbate (\>10 mM) further increased NETosis significantly in both patients with sepsis and healthy controls, above the already high levels observed in the absence of this compound. However, previous studies showed a significant decrease in NETs inside the lungs of ascorbate-deficient mice after ascorbate supplementation,[@CIT0054],[@CIT0055] which is contrast to our study, and probably explained by different tissue sources of neutrophils studied (lungs VS peripheral blood in our study and species variations) and different concentrations of ascorbate used in both studies.

The increased levels of NETosis after higher concentrations of ascorbate treatment were confirmed by measurements of an increase in dsDNA levels in culture supernatants and increased levels of *PADI4* mRNA expression of neutrophils treated with ascorbate. We believe that these higher concentrations of ascorbate further induce an oxidative burst and activate the PAD4 enzyme leading to an increase in NET formation.[@CIT0056] Nevertheless, the levels of dsDNA at certain concentrations of ascorbate were not significantly different as seen under light microscopy, probably due to some limitations of the PicoGreen assay,[@CIT0057] and delayed upregulation of mRNA transcription and protein translation which probably need more future studies.

As integrin activation is associated with all neutrophil phenotypes observed in our study, we further investigated the activation status of integrins on neutrophils from patients with sepsis and healthy controls as shown in [[Supplementary Figure 2](http://www.dovepress.com/get_supplementary_file.php?f=252433.pdf)]{.ul}. As expected, an increase in expression of *ITGB2* (β~2~-integrin) was observed in the patient group, probably because their neutrophils were stimulated by pathogens and cytokines during sepsis.[@CIT0058] However, the *ITGB2* expression was unchanged after ascorbate treatment in both groups.

One limitation of this study was that the numbers of isolated neutrophils from patients or healthy controls were varied and sometimes they were not enough to perform every designed experiments. However, these numbers of patients were sufficient for statistical analyses.

In conclusion, our study demonstrated neutrophil dysfunction in patients with sepsis and ascorbate could improve the defective chemotaxis and phagocytosis observed in neutrophils from these patients. Interestingly, high levels of spontaneous NETosis from sepsis patients could be returned to normal by low concentrations of ascorbate (1 mM). However, further studies are probably needed to investigate the mechanisms how NETosis, chemotaxis and phagocytosis, but not apoptosis, were enhanced by high concentrations of ascorbate, which have never been explored.[@CIT0050] This study suggests that ascorbate could potentially be used as an adjunctive treatment for patients during sepsis. However, as its effects are highly dose-dependent, such treatments should carefully examine the effective doses that are clinically beneficial and whether NETosis should be prevented or promoted in such patients.
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